Cytotoxicity and proliferation capacity are key functions of antiviral CD8 T cells. In the present study, we investigated a series of markers to define these functions in virus-specific CD8 T cells. We provide evidence that there is a lack of coexpression of perforin and CD127 in human CD8 T cells. CD127 expression on virus-specific CD8 T cells correlated positively with proliferation capacity and negatively with perforin expression and cytotoxicity. 
CD8 T cells were contained within phenotypically distinct T-cell populations at different stages of activation or differentiation and showed different levels of exhaustion and senescence. Furthermore, the composition of proliferating and cytotoxic CD8 T cells for a given antiviral CD8 T-cell population appeared to be influenced by antigen exposure. These results advance our understanding of the relationship between cytotoxicity, proliferation capacity, the levels of senescence and exhaustion, and antigen exposure of antiviral memory CD8 T cells.
Cytotoxic CD8 T cells are a fundamental component of the immune response against viral infections and mediate an important role in immunosurveillance (7, 10, 55) , and the induction of vigorous CD8 T-cell responses after vaccination is thought to be a key component of protective immunity (37, 41, 49, 50, 58, 60, 69) . Cytotoxic CD8 T cells exert their antiviral and antitumor activity primarily through the secretion of cytotoxic granules containing perforin (pore-forming protein) and several granule-associated proteases, including granzymes (Grms) (5, 15, 20, 44) . Several studies have recently advanced the characterization of the mechanism of granule-dependent cytotoxic activity and performed a comprehensive investigation of the content of cytotoxic granules in human virus-specific CD8 T cells (2, 19, 29, 44, 53) .
Heterogeneous profiles of cytotoxic granules have been identified in different virus-specific memory CD8 T cells and associated with distinct differentiation stages of memory CD8 T cells (2, 19, 29, 44) . Furthermore, we have observed a hierarchy among the cytotoxic granules in setting the efficiency of cytotoxic activity and demonstrated that perforin (and to a lesser extent GrmB) but not GrmA or GrmK were associated with cytotoxic activity (29) . Recently, a novel mechanism of perforin-dependent granule-independent CTL cytotoxicity has also been demonstrated (45) .
Major advances in the characterization of antigen (Ag)-specific CD4 and CD8 T cells have been made recently and have aimed at identifying functional profiles that may correlate with protective CD8 T-cell responses (1, 3, 4, 12, 13, 24, 28, 36-38, 40, 41, 49, 50, 56-58, 60, 64, 68) . In particular, the functional characterization of antigen-specific T cells was mainly performed on the basis of (i) the pattern of cytokines secreted (i.e., gamma interferon [IFN-␥], tumor necrosis factor alpha [TNF-␣], interleukin-2 [IL-2], or macrophage inflammatory protein 1␤ [MIP-1␤]), (ii) the proliferation capacity, and (iii) the cytotoxic capacity (13, 28, 59) . Of note, degranulation activity (i.e., CD107a mobilization following specific stimulation) has been used as a surrogate marker of cytotoxic activity (11, 13) .
The term "polyfunctional" has been used to define T-cell immune responses that, in addition to typical effector functions such as secretion of IFN-␥, TNF-␣, or MIP-1␤ and cytotoxic activity (measured by the degranulation capacity), comprise distinct T-cell populations able to secrete IL-2 and retain proliferation capacity (13, 28, 49, 50) . Some evidence indicates that a hallmark of protective immune responses is the presence of polyfunctional T-cell responses (59) . Furthermore, the ability to secrete IL-2 was shown to be linked to proliferation capacity, and both factors have been associated with protective antiviral immunity (13, 28, 49, 50) . Although a lack of correlation between degranulation activity and GrmB expression was reported in mice (65) , the relationship between degranulation activity and perforin expression has never been comprehensively investigated in mice and in humans.
The private ␣ chain of the IL-7 receptor (IL-7R␣, also called CD127) has been suggested to selectively identify CD8 T cells that will become long-lived memory cells (6, 34, 36) . Moreover, it was shown in mice (34, 36) and humans (14, 48, 63) that the CD127 high memory-precursor CD8 T cells produced IL-2 in contrast to CD127 low effector CD8 T cells. Of interest, CD127 expression has also been shown to correlate with Ag-specific proliferation capacity in mice (34, 36) . A similar correlation was observed in humans, although only for polyclonal stimulations (48) . With the exception of studies performed in HIV-1 infection, where an association between CD127 expression and HIV-1 viremia has been shown (21, 22, 42, 48, 54) , very limited information is available on the CD127 expression in human virus-specific CD8 T cells other that HIV-1.
Although cytotoxic activity and proliferation capacity are key components of the antiviral cellular immune response, the relationship between these functions has been only investigated in nonprogressive HIV-1 infection (46) , where these two functions were shown to be related. However, it still remains to be determined whether these functions are mediated by the same or by different T-cell populations.
In the present study, we performed a comprehensive characterization of virus-specific CD8 T-cell responses against HIV-1, cytomegalovirus (CMV), Epstein Barr virus (EBV), and influenza virus (Flu) in order to (i) analyze the degree of concordance between degranulation activity and perforin/Grm expression; (ii) identify the relevance of CD127 in identifying virus-specific CD8 T cells endowed with proliferation capacity; (iii) delineate the relationship between proliferation capacity, cytotoxic activity, activation/differentiation stage, and level of exhaustion of CD8 T cells; and (iv) determine the influence of antigen exposure in shaping the functional composition of virus-specific CD8 T cells.
Our data indicate that cytotoxic (as defined by perforin expression) and proliferating (as defined by CD127 expression or IL-2 secretion) virus-specific CD8 T cells are contained within distinct CD8 T-cell populations. Furthermore, the proportion of proliferating and cytotoxic T cells within a given virus-specific CD8 T-cell population appears to be influenced by antigen exposure. These results advance our understanding of the relationship between cytotoxicity, proliferative capacity, differentiation stage, and Ag exposure of memory CD8 T cells.
MATERIALS AND METHODS
Study groups. Twenty-nine subjects with progressive chronic HIV-1 infection were investigated prior to their enrollment in clinical trials, including antiviral therapy with nucleoside and protease inhibitors (9) . In patients with chronic HIV-1 infection, at baseline (prior to the initiation of antiviral therapy), the CD4 T-cell counts were (means Ϯ the standard errors [SE]) 790 Ϯ 241 cells/l and plasma viremia was 4.39 Ϯ 043 log 10 HIV-1 RNA copies/ml. In addition, blood from 51 HIV-negative subjects was obtained either from the local blood bank (Lausanne, Switzerland) or from lab coworkers. Of note, the Flu-, EBV-, and CMV-specific CD8 T-cell responses shown here were only characterized in HIV-seronegative subjects. These studies were approved by the Institutional Review Board of the Centre Hospitalier Universitaire Vaudois.
Synthetic peptides and peptide MHC class I tetramer complexes. All of the peptides used in the present study were purified by high-pressure liquid chromatography (Ͼ80% purity). HIV-1-, Flu-, CMV-, and EBV-derived peptides are listed in the supplemental material (part 1). HLA-A2-GILGFVFTL (Flu), HLA-A2-GLCTLVAML (EBV), HLA-B8-RAKFKQLL (EBV), HLA-B8-FLR-GRAYGL (EBV), HLA-B7-RPPIFIRRL (EBV), HLA-A2-NLVPMVATV (CMV), HLA-B7-TPRVTGGGAM (CMV), HLA-A2-SLYNTVATL (HIV), HLA-B7-GPGHKARVL (HIV), HLA-B8-EIYKRWII (HIV), and HLA-A2-ILKEPVHGV (HIV) peptide-major histocompatibility complex (MHC) class I tetramer complexes were purchased from Beckman Coulter (Fullerton, CA).
Antibodies. The following antibodies were used in different combinations. CD8-PerCPCy5.5, CD8-PB, CD4-PerCPCy5.5, CD4-fluorescein isothiocyanate (FITC), CD3-APCCy7, CD14-PB, CD45RA-PECy5, GrmB-AF700, CD107a-PECy5, PD-1-FITC, IFN-␥-FITC, IFN-␥-allophycocyanin (APC), TNF-␣-PECy7, TNF-␣-FITC, and IL-2-phycoerythrin (PE) were purchased from Becton Dickinson (BD, San Diego, CA); CD4-ECD was from Beckman Coulter (Fullerton, CA); perforin-FITC (clone B-D48) was from Diaclone (Besançon, France); GrmA-PB and perforin-APC were from Biolegend (San Diego, CA); CD127-PECy7 and PD-1-APC were from eBioscience, Inc. (San Diego, CA); CCR7-FITC and CD127-APC were from R&D Systems (Minneapolis, MN); CD57-PECy5 was from Abcam (Cambridge, United Kingdom); CD3-Qdot655 was from Invitrogen (Carlsbad, CA); GrmK-FITC was from Santa Cruz Biotechnology (Santa Cruz, CA); and CD4-AF700 and CD19-PB were from VWR International (Arlington Heights, IL).
Ex vivo analysis of virus-specific CD8 T cells. Cryopreserved blood mononuclear cells (1 ϫ 10 6 to 2 ϫ 10 6 ) were stained with appropriately titered peptide-MHC class I tetramer complexes at 4°C for 15Ј in Ca 2ϩ -free media. The cells were then washed and either permeabilized (Cytofix/Cytoperm; BD) and stained at room temperature for 20 min with GrmK, GrmA, GrmB, perforin, CD45RA, CD127, and CD8 or directly stained at 4°for 20 min with CD3, CD8, CD45RA, CD127, CCR7, PD-1, or CD57. Then, the cells were fixed with CellFix (BD), acquired on an LSRII SORP (4 lasers), and analyzed by using FlowJo 8. ) were stimulated for 6 h in 1 ml of complete medium (RPMI plus 10% fetal bovine serum) in the presence of Golgiplug and Golgistop (1 l/ml; BD), ␣CD28 antibody (0.5 g/ml, BD), ␣CD107a (pretitered volume; BD), and 1 g of peptide/ml as described previously (27) . Staphyloccal enterotoxin B (SEB) stimulation (200 ng/ml) served as a positive control. At the end of the stimulation period, cells were washed, stained for dead cells by using the violet Live/Dead stain kit (Invitrogen), permeabilized (Cytofix/Cytoperm; BD), and then stained at room temperature for 20 min with CD3, CD4, CD8, CD19, CD14, and IFN-␥. Cells were then fixed, acquired on an LSRII SORP and analyzed by using FlowJo 8.8.2. The number of lymphocyte-gated events ranged between 6 ϫ 10 5 and 10 6 in the flow cytometry experiments. With regard to the criteria of positivity of the intracellular cytokine staining (ICS), the background in the unstimulated controls never exceeded 0.03%. For an ICS result to be considered positive, there had to be more than 0.05% cytokine-positive cells after subtraction of the background.
Perforin ICS assay. Cryopreserved blood mononuclear cells (1 ϫ 10 6 to 2 ϫ 10 6 ) were stimulated for 6 h in 1 ml of complete medium (RPMI plus 10% fetal bovine serum) in the presence of Golgiplug (1 l/ml; BD), ␣CD28 (0.5 g/ml; BD), and 1 g of peptide/ml as described previously (27) . SEB stimulation (200 ng/ml) served as a positive control. At the end of the stimulation period, cells were washed, stained for dead cells by using an Aqua Live/Dead stain kit (Invitrogen), permeabilized (Cytofix/Cytoperm), and then stained at room temperature for 20 min with CD3, CD4, CD8, IFN-␥, TNF-␣, IL-2, and perforin (clone B-D48). The cells were then fixed, acquired on an LSRII SORP, and analyzed by using FlowJo 8.8.2 and SPICE 4.2.3. The number of lymphocytegated events ranged between 6 ϫ 10 5 and 10 6 in the flow cytometry experiments. With regard to the criteria for ICS positivity, the background in the unstimulated controls never exceeded 0.03%. For an ICS result to be considered positive, there had to be more than 0.05% cytokine-positive cells after subtraction of the background.
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Ex vivo proliferation assay. Cryopreserved blood mononuclear cells (10 6 in 1 ml of complete medium) were cultured in the presence of anti-CD28 (0.5 g/ml, BD), 20 UI of IL-2 (Proleukin; Novartis International, Basel, Switzerland) and 1 g of peptide/ml as described previously (27, 68) . At day 7, the cells were harvested, stained with appropriately titered peptide-MHC class I tetramer complexes at 37°C for 15 min, and then permeabilized (Cytofix/Cytoperm) and stained at room temperature for 20 min with GrmK, GrmA, GrmB, perforin, CD45RA, CD127, and CD8. The cells were then acquired on an LSRII SORP (four lasers) and analyzed by using FlowJo 8.8.2 and SPICE 4.2.3. For the 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution assay, overnight-rested cryopreserved blood mononuclear cells were washed twice, resuspended at 10 6 /ml in phosphate-buffered saline, and incubated for 7 min at 37°C with 0.25 M CFSE (Molecular Probes) as described previously (68) . The reaction was then quenched with 1 volume of fetal calf serum, and the cells were washed, stained with CD127 and CD8, sorted as CD8 ϩ CD127 Ϫ and CD8 ϩ CD127 ϩ with a FACS-ARIA (BD), and cultured in the presence of ␣CD28 antibody (0.5 g/ml; BD) and 1 g of peptide/ml. SEB stimulation (40 ng/ml) served as a positive control.
Chromium release assay. T2 cells were used as target cells in standard 51 Cr release assays as described previously (25) . 51 Cr labeling and pulsing with cognate peptide (or an irrelevant HIV peptide for control) was performed for 1 h at 37°C. A total of 2,500 target cells were aliquoted into microtiter plates. Cryopreserved CD4-and CD19-depleted CD8 T cells were added to the targets at 50:1, 25:1, 12:1, and 6:1 ratios. Assay plates were incubated 4 h at 37°C and 5% CO 2 before harvesting. The percent specific 51 Cr release was calculated from the following equation: [(experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release)] ϫ 100.
Statistical analysis. Statistical significance (P values) of the results was calculated by using a two-tailed Student t test with either Excel (Microsoft, Redmond, WA) or SPICE 4.2.3. A two-tailed P value of Ͻ0.05 was considered significant.
The correlations among variables were tested by simple regression analysis.
RESULTS

Degranulation activity and profile of cytotoxic granules distribution in virus-specific CD8 T cells. Blood mononuclear cells from four subjects containing CD8 T cells specific to Flu (GILGFVTL)-, EBV (GLCTLVAML)-, CMV (NLVPMVAT V)-, and HIV-1 (SLYNTVATL)-derived peptides restricted by
HLA-A2 were stimulated with the cognate peptides and stained with CD3, CD8, CD107a, and IFN-␥ antibodies. The proportion of virus-specific IFN-␥-secreting CD8 T cells able to degranulate, i.e., that were CD107a positive, was comparable and in the range of 50%, regardless of the virus specificity (Fig. 1A) . The extensive analysis performed on 55 virus-specific CD8 T-cell responses confirmed that degranulation activity was not significantly different among Flu-, EBV-, CMV-, and HIV-1-specific CD8 T cells (Fig. 1B) . A trend toward statistical significance (P ϭ 0.047) was only observed in the degranulation activity between EBV-and CMV-specific CD8 T cells. Of note, we have recently determined the profiles of cytotoxic granules distribution in Flu-, EBV-, CMV-, and HIV-1-specific CD8 T cells detected by peptide-HLA tetramer complexes. The analysis was limited to perforin, GrmA, GrmB, and GrmK since monoclonal antibodies are not available for GrmH and M. We observed that perforin and, to a lesser extent, GrmB correlated with cytotoxic activity, whereas GrmA GrmA, and GrmK expression in virus-specific CD8 T cells. Asterisks indicate significant differences ( * , P Ͻ 0.05; ** , P Ͻ 0.01) of a given virus-specific CD8 T-cell response versus all of the others. At least 600,000 live-gated events were acquired.
and GrmK did not (29) . Since the level of degranulation activity was similar in Flu-, EBV-, CMV-, and HIV-1-specific CD8 T cells (Fig. 1A and B) , we compared the degranulation activity with the GrmB, GrmA, and GrmK content and in particular with perforin expression, since it is the most relevant marker of cytotoxic CD8 T cells. As summarized in Fig. 1C , perforin expression, unlike degranulation activity, was very heterogeneous between the different virus-specific CD8 T cells and was below 15% in Flu-, EBV-, and HIV-1-specific CD8 T cells. GrmB, GrmA, and GrmK were expressed at similar levels in HIV-1-, CMV-, and EBV-infected cells, while less GrmB (P Ͻ 0.01) and GrmA (P Ͻ 0.05) expression was observed in Flu-specific CD8 T cells (Fig. 1C) .
These data indicate that degranulation activity and perforin expression are not correlated. Thus, unlike perforin expression, degranulation activity does not necessarily identify cytotoxic CD8 T cells.
Relationship between CD127 expression and CD8 T-cell proliferation. In mice, CD127 expression has been associated with proliferation capacity, while CD127
Ϫ effector CD8 T cells proliferated poorly ex vivo (34, 36) . Furthermore, in humans, the proliferation capacity of CD8 T cells was also associated with CD127 expression following polyclonal stimulation (48) . Of interest, a previous report has shown a tendency of higher proliferative potential of sorted CD127 ϩ versus CD127
Ϫ CMV-specific CD8 T cells (63) . It was thus of interest to determine whether CD127 expression defined populations of Ag-specific CD8 T cells endowed with proliferation capacity in humans. For this purpose, CD8 ϩ
CD127
Ϫ and CD8 ϩ CD127 ϩ T cells were sorted (purity Ͼ 95%), stained with CFSE and stimulated for 7 days with virus-derived peptides. As shown in the representative example in Fig. 2A , CD8 T-cell proliferation was mostly restricted to the CD127 ϩ CD8 T-cell population after stimulation with the CMV-derived peptide TPRVTGGGAM. The higher CD8 T-cell proliferation capacity of Ag-specific CD127 ϩ cells compared to CD127 Ϫ cells was confirmed in six additional subjects ( Fig. 2A) , and the differences were statistically significant (P ϭ 0.001). Furthermore, a significant positive correlation (P Ͻ 0.01) was observed between the levels of CD127 expression on virus-specific CD8 T cells and the subsequent in vitro expansion (i.e., fold increase) of virus-specific CD8 T cells after 7 days of culture (Fig. 2B) .
FIG. 2. Correlation between CD127 expression, proliferation capacity, and IL-2 production. (A) CD8
ϩ CD127 Ϫ and CD8 ϩ CD127 ϩ T cells were sorted (purity Ͼ 95%), stained with CFSE, and stimulated for 7 days with the CMV-derived peptide TPRVTGGGAM. Finally, CD127 expression in Flu-, EBV-, CMV-, and HIV-1-specific CD8 T cells showed significant differences between the distinct virus-specific CD8 T-cell responses (all P Ͻ 0.001; Fig. 2C ). Of interest, the distribution of CD127 expression mirrored the ability to secrete IL-2 in the different virus-specific CD8 T-cell responses, i.e., Flu Ͼ EBV Ͼ CMV Ͼ HIV-1 (68) . This observation further strengthened the relationship between CD127 expression and proliferation capacity since the presence of IL-2-secreting CD8 T cells was consistently associated with Ag-specific proliferation capacity (4, 8, 31, 32, 35, 66, 68) .
Of note, we investigated the correlation between CD127 expression and IL-2 secretion in a panel of antiviral CD8 T-cell responses. For these purposes, peripheral blood mononuclear cells were stimulated with the cognate peptides and stained with antibodies to IFN-␥, IL-2, CD3, CD4, CD8, and CD127. We found that virus-specific CD127 ϩ CD8 T cells secreted significantly more IL-2 (P Ͻ 0.02) than CD127 Ϫ CD8 T cells ( Fig. 2D and E) . Virus-specific CD8 T cells secreting both IFN-␥ and IL-2 were significantly enriched in the CD127 ϩ population, whereas single IFN-␥-secreting CD8 T cells (i.e., IL-2 negative) were mostly contained (P Ͻ 0.02) within the CD127 Ϫ population (Fig. 2D and E) . These observations were consistent with previous studies showing that, after polyclonal stimulation, CD127 high CD8 T cells secreted IL-2, whereas CD127 neg did not (48) . In agreement with previous observations, these data indicated that CD127 is a relevant marker of cells endowed with proliferation capacity and IL-2 secretion in virus-specific human CD8 T cells.
Combination of CD127 and perforin expression and association with the activation/differentiation stage. Since perforin and CD127 represent relevant markers of CD8 T cells endowed with cytotoxic or proliferation capacity, respectively, we analyzed the simultaneous distribution of these two markers on CD8 T cells. As shown in Fig. 3A , the combination of CD127 and perforin identified three phenotypically distinct populations of CD8 T cells, i.e., CD127 ϩ perforin Ϫ , CD127
Ϫ perforin Ϫ , and CD127 Ϫ perforin ϩ cells, which is consistent with the findings of a previous study (16) . We confirmed this finding in 48 additional subjects (Fig. 3A) .
We then investigated the differentiation stage of these distinct CD8 T-cell populations. For this purpose, blood mononuclear cells were stained with CD45RA and CCR7, allowing the distinction between naive T cells (N; CD45RA ϩ CCR7 ϩ ), T central memory cells (T CM; CD45RA Ϫ CCR7 ϩ ), T effector memory cells (T EM ; CD45RA Ϫ CCR7 Ϫ ), and terminally differentiated effector T cells (T ET ; CD45RA ϩ CCR7 Ϫ ). Several studies have shown that the expression of CD45RA and CCR7 defined functionally distinct T-cell populations and a pattern of differentiation going from N to T CM to T EM and then to T ET cells (8, 18, 57) . Naive and T CM were almost exclusively composed of CD127 ϩ perforin Ϫ CD8 T cells (Fig. 3B) . T EM contained a majority of CD127 ϩ perforin Ϫ CD8 T cells but also some CD127
Ϫ perforin Ϫ CD8 T cells and about one-third of CD127 Ϫ perforin ϩ CD8 T cells and the majority of T ET consisted of CD127 Ϫ perforin ϩ CD8 T cells (Fig. 3B) . The example shown in Fig. 3B is representative of five independent experiments. Thus, consistent with previous studies, there was a progressive loss of CD127 expression and a progressive increase of perforin expression associated with T-cell differentiation (4, 19, 29, 48, 64) . Therefore, these data are consistent with the higher proliferation capacity of T CM and the higher cytotoxic activity of T EM and T ET cells (26) .
As recently shown in several studies, programmed death 1 (PD-1) is upregulated on exhausted cells (23, 51, 62) and was demonstrated to be significantly associated with reduced expression of perforin and decreased T-cell proliferation (67) . Along this line, we measured PD-1 expression on the different CD8 T-cell populations defined by CD127 and perforin. We observed higher PD-1 expression on CD127 Ϫ perforin Ϫ T cells compared to CD127 ϩ perforin Ϫ and CD127 Ϫ perforin ϩ T cells (both P ϭ 0.002; Fig. 3C ). Furthermore, since the highest proportion of CD127 Ϫ perforin Ϫ was found in T EM (i.e., CD45RA Ϫ CCR7 Ϫ ) we measured PD-1 expression in the different CD8 T-cell populations defined by CD45RA and CCR7. Consistent with our previous observations, we observed that PD-1 expression was higher in T EM compared to T CM or T ET (both P ϭ 0.03; Fig. 3D ). These results are consistent with similar observations obtained with other differentiation markers (51, 62) .
Finally, CD57 expression on CD8 T cells is associated with proliferation incompetence and replicative senescence (17) . Thus, we measured CD57 expression on the different CD8 T-cell populations defined by CD127 and perforin and observed that CD57 was almost negative (i.e., Ͻ10%), intermediate (i.e., ca. 50%) and positive (i.e., Ͼ90%) in CD127 ϩ perforin Ϫ , CD127 Ϫ perforin Ϫ , and CD127 Ϫ perforin ϩ CD8 T-cell populations, respectively (all P ϭ 0.002; Fig. 3E ). These results are consistent with recent studies investigating the association between CD57 and perforin (19) or PD-1 (52) .
Combined expression of CD127 and perforin on virus-specific CD8 T cells. Having established the association between CD127 expression and proliferation capacity on one hand and between perforin expression and cytotoxic activity on the other hand, we then analyzed the distribution of these markers on a panel of Flu-, EBV-, CMV-, and HIV-1-specific CD8 T cells. Flu-specific CD8 T cells were mostly (Ͼ80%) CD127 ϩ perforin Ϫ (Fig. 4A) . The majority (Ͼ50%) of EBV-specific CD8 T cells were CD127 Ϫ perforin Ϫ , but CD127 ϩ perforin Ϫ CD8 T cells were also present (Fig. 4A) . CMV-specific CD8 T cells were heterogeneous and rather equally distributed between all three populations (Fig. 4A) . Finally, the majority (Ͼ75%) of HIV-1-specific CD8 T cells were CD127 Ϫ perforin Ϫ , but a few CD127 Ϫ perforin ϩ CD8 T cells were also present (Fig. 4A) . The distinct profiles of virus-specific CD8 T-cell populations were significantly different (all P Ͻ 0.0001). Furthermore, the analysis of a large number of subjects confirmed that perforin and CD127 expression were significantly negatively correlated when Flu-, EBV-, and CMV-specific CD8 T cells were comparatively analyzed (n ϭ 40, R ϭ Ϫ0.74, P Ͻ 0.001, Fig. 4B) . A negative correlation was also observed between CD127 expression on virus-specific CD8 T-cell responses and the percentage of specific lysis (n ϭ 12, R ϭ Ϫ0.77, P Ͻ 0.02, Fig. 4C ).
Taken together, these data indicate a divergent expression of perforin and CD127 on virus-specific CD8 T cells.
It was then of interest to investigate whether the distribution of virus-specific CD8 T cells within the different populations defined by the expression of CD127 and perforin was associated to the stage of differentiation (defined by the expression of CCR7 and CD45RA), as previously shown for bulk CD8 T cells (Fig. 3B) . As shown in Fig. 4D , Flu-, EBV-, and CMVspecific T CM (CD45RA Ϫ CCR7 ϩ ) CD8 T cells were mostly (Ͼ90%) contained within the CD127 ϩ perforin Ϫ population. EBV-, CMV-, and HIV-1-specific T EM (CD45RA Ϫ CCR7 Ϫ ) CD8 T cells contained a majority of CD127 ϩ perforin Ϫ T cells but also some CD127 Ϫ perforin Ϫ T cells and some CD127 Ϫ perforin ϩ T cells (Fig. 4D) . Finally, the majority (Ͼ75%) of CMV-specific T ET (CD45RA ϩ CCR7 Ϫ ) CD8 T cells were CD127 Ϫ perforin ϩ (Fig. 4D) . The examples shown are representative of four independent experiments. Thus, these data indicated a progressive loss of CD127 expression and a progressive increase in perforin expression associated with T-cell differentiation in virus-specific CD8 T cells (4, 19, 29, 48, 64) , which is consistent with the higher proliferation capacity of T CM cells and the higher cytotoxic activity of T EM and T ET cells (26) .
We then analyzed PD-1 expression within the different populations of virus-specific CD8 T cells defined by the expression of CD127 and perforin. PD-1 expression was significantly higher on CD127
Ϫ perforin Ϫ T cells and on T EM , and the latter finding was consistent with the fact that the highest proportion of CD127 Ϫ perforin Ϫ was observed in T EM (Fig.  3B) . However, as mentioned above, the representation of these three populations was extremely heterogeneous in Ag-specific CD8 T cells. The data shown in Fig. 4A indicate that the totality of Flu-specific CD8 T cells were CD127 ϩ perforin Ϫ , the large majority of EBV-specific CD8 T cells were also CD127 ϩ perforin Ϫ , almost the totality of HIV-1-specific CD8 T cells were CD127
Ϫ perforin Ϫ , and only CMV-specific CD8 T cells contained relevant fractions of the three populations defined by the expression of CD127 and perforin. Furthermore, CMV-specific CD8 T cells were previously shown to express very low levels of PD-1 (23, 62) . Therefore, while the analysis of bulk CD8 T cells allowed us to analyze the distribution of PD-1 in the three cell populations defined by CD127 and perforin, this analysis was not possible in virus-specific CD8 T cells due to the highly heterogeneous and substantially different representation of the distinct CD8 T-cell populations. Therefore, it is difficult to compare the results obtained in bulk CD8 T-cell populations to those in Ag-specific CD8 T cells.
Finally, we measured CD57 expression on the different virus-specific CD8 T-cell populations defined by CD127 and perforin and observed that CD57 was mostly expressed by the CD127 Ϫ perforin ϩ CD8 T-cell populations (Fig. 4E) . This observation was confirmed on a large number (n ϭ 13) of virus-specific CD8 T-cell responses (P ϭ 0.002). These data are consistent with recent studies investigating the association between CD57 and perforin (19) or PD-1 (52) and further support the findings that CD127
Ϫ perforin ϩ cell populations contain senescent CD8 T cells with very limited proliferation capacity (17) .
Modulation of CD127 expression profiles upon Ag exposure. We and others have recently demonstrated that Ag exposure substantially influence the phenotypic and functional (based on cytokine secretion) profiles of CD8 T cells (28, 30, 32, 61) . More recently, we have shown that Ag reexposure of virus-specific CD8 T cells for 7 days in vitro induced major changes in the cytotoxic granule profiles (particularly increase in perforin and GrmB) and was associated with the acquisition of cytotoxic activity (29) . Along the same lines, we investigated the influence of Ag exposure on CD127 expression. Thus, Flu-, EBV-, CMV-, and HIV-1-specific CD8 T cells were analyzed for CD127 expression directly ex vivo and then after 7 days of in vitro stimulation with cognate peptides (see the supplemental material, part 2). Interestingly, Flu-specific (HLA-A2-GILGFVFTL) CD8 T cells dra- VOL. 84, 2010 CYTOTOXICITY VERSUS PROLIFERATION OF CD8 T CELLS 3873 matically shifted from CD127 ϩ to CD127 Ϫ after Ag reexposure in vitro (see the supplemental material, part 2). These findings were confirmed on a larger number of subjects, and they not only pertain to Flu-specific CD8 T cells but also to EBV-and CMVspecific CD8 T cells (both P Ͻ 0.002; supplemental material, part 2). Of note, CD127 downregulation was observed in HIV-1-specific CD8 T cells despite the weak ex vivo level of expression (see the supplemental material, part 2). This is consistent with the lack of proliferation capacity of HIV-1-specific CD8 T cells (43, 68) and the lack of CD127 expression ( Fig. 2C and 4A) (48) .
Combination of perforin expression and cytokine secretion on CMV-specific CD8 T cells. The presence of IL-2-secreting CD8 T cells and also CD4 T cells was consistently associated with Ag-specific proliferation capacity (8, 31, 32, 35, 61, 68) . Thus, we assessed the combined expression of IL-2 and perforin on Ag-specific CD8 T cells. In order to analyze the combination of perforin expression and the pattern of cytokine secretion by virus-specific CD8 T cells, we took advantage of the availability of the anti-perforin antibody clone B-D48, which recognizes multiple forms of perforin. These include the uncleaved form of perforin, which is not directly secreted upon stimulation and is therefore suitable for ICS assays (33) . Moreover, this form of perforin has been recently demonstrated to mediate a granule-independent mechanism of cytotoxicity (45) . We thus performed conventional ICS on CMV-specific CD8 T-cell responses and stained the cells for a viability marker, CD3, CD8, CD4, a panel of cytokines (i.e., IFN-␥, TNF-␣, and IL-2), and perforin. As shown for subject 701 after stimulation with the CMV-derived peptide CRVLCCYVL, a large proportion (Ͼ70%) of IFN-␥-and TNF-␣-secreting CD8 T cells also expressed perforin, whereas the majority (Ͼ70%) of IL-2-secreting CD8 T cells were perforin negative (Fig. 5A) . The divergent expression of perforin and IL-2 was then confirmed in the analysis of multiple functions mediated by CMV-specific CD8 T cells. When CMV-specific CD8 T cells were analyzed based on the ability to secrete IL-2 (Fig. 5B) , the majority of IL-2-secreting CD8 T cells were composed of cells secreting IFN-␥ and TNF-␣ but not containing perforin, whereas the majority of IL-2-negative CD8 T cells were composed of cells positive for IFN-␥, TNF-␣ and perforin (P ϭ 0.0009). Along the same line, when CMV-specific CD8 T cells were analyzed based on perforin expression (Fig. 5C ), the majority of perforin-positive CD8 T cells were composed of cells secreting IFN-␥ and TNF-␣ but not IL-2, whereas the majority of perforinnegative CD8 T cells were composed of cells secreting IFN-␥, TNF-␣, and IL-2 (P ϭ 0.0004). Finally, a significant negative correlation (P ϭ 0.01) was observed between the proportion of CMV-specific CD8 T cells expressing perforin or secreting IL-2, further underscoring the discordance between these functions (Fig. 5D) . 
DISCUSSION
In the present study, we have taken advantage of the combined use of multiparameter phenotypic and functional flow cytometry in order to determine the relationship between differentiation stage and antigen exposure with respect to key functions of CD8 T cells such as proliferation capacity and cytotoxic activity, which have been shown to be important in protective antiviral immunity. The central strategy of the study was to use CD127 and perforin as phenotypic and functional markers to define populations of virus-specific CD8 T cells. With regard to the characterization of virus-specific cytotoxic CD8 T cells, we have clearly shown the lack of correlation between degranulation activity and perforin expression, which was shown to be the primary marker of cytotoxic CD8 T cells (29) . In this regard, a discrepancy between degranulation activity and GrmB expression has already been reported in mice (65) .
With regard to the proliferation capacity, we have shown that, in addition to IL-2 secretion, which is a functional marker, CD127 is associated qualitatively and quantitatively with the presence of cells endowed with higher proliferation capacity. Interestingly, levels of CD127 expression followed the same trend as the proportion of IL-2-secreting CD8 T cells (68) within the same models of virus-specific CD8 T-cell responses. CD127 expression was almost absent in HIV-1-specific CD8 T cells, higher in EBV-and CMV-specific CD8 T cells, and the highest in Flu-specific CD8 T cells (68) . Of interest, we also showed that virus-specific CD127 ϩ CD8 T cells secreted significantly more IL-2 than CD127 Ϫ CD8 T cells. These observations were also consistent with previous studies showing that CD127 high CD8 T cells secreted IL-2, whereas CD127 neg CD8 T cells did not (48) . Overall, we believe that these results indicate that CD127 ϩ CD8 T cells have greater intrinsic proliferation potential compared to CD127 Ϫ CD8 T cells due to the high proportion of IL-2-secreting CD8 T cells contained within this population. Furthermore, the proportion of viable cells was lower in cultures containing CD127 Ϫ CD8 T cells than in those containing CD127 ϩ CD8 T cells (data not shown). The results also showed a certain degree of heterogeneity in the proliferation capacity of CD127 ϩ CD8 T cells (Fig.  2B) . Although we do not have a formal demonstration, it is conceivable to speculate that the observed heterogeneity may in part be explained by the size of the memory CD8 T-cell population (larger CD8 T-cell populations have generally an advantage to better expand), by the affinity for the cognate epitope and/or by the efficiency of the different peptides to induce Ag-specific proliferation.
With regard to the phenotype of virus-specific CD8 T cells, we have previously shown that both Flu-and HIV-1 (from progressors)-specific CD8 T cells are similar, i.e., almost exclusively composed of CD45RA Ϫ CCR7 Ϫ T cells, whereas CMV-, EBV-, and HIV-1 (from long-term nonprogressors)-specific CD8 T cells also include a significant proportion of CD45RA ϩ CCR7 Ϫ cells (28, 29, 68) . The data provided here indicate that, in contrast to the CD45RA and CCR7 combination, CD127 is a marker that enables to discriminate between Flu-and HIV-1-specific CD8 T cells since CD127 was expressed on Ͼ80% and Ͻ10% of Flu-and HIV-1-specific CD8 T cells, respectively. Thus, CD127 expression is a key marker to distinguish between different models of virus-specific CD8 T cells and, more importantly, is a relevant marker of cells endowed with proliferation capacity.
Of interest, the combination of CD127 and perforin identified three CD8 T-cell populations. The distribution within the three T-cell populations defined by CD127 and perforin expression revealed substantial differences between the distinct virus-specific CD8 T-cell responses. Flu-specific CD8 T cells were mostly CD127 ϩ perforin Ϫ , EBV-and CMV-specific CD8 T cells were heterogeneous with variable proportions of CD127 ϩ perforin Ϫ and CD127 Ϫ perforin ϩ cells, and the large majority of HIV-1-specific CD8 T cells were CD127 Ϫ perforin Ϫ . Moreover, PD-1 expression was higher in CD127 Ϫ perforin Ϫ cells, i.e., the population with reduced proliferation and cytotoxic potential, a finding consistent with the anergic state and reduced functionality associated with PD-1 expression (39) . Along the same line, CD45RA
Ϫ CCR7 Ϫ T cells were was the dominant population of the CD127 Ϫ perforin Ϫ CD8 T-cell populations which expressed high levels of PD-1 and which contained most HIV-1-specific CD8 T cells (18) . Furthermore, CD57 expression, which is associated with proliferation incompetence and replicative senescence (17) , was virtually negative in CD127 ϩ perforin Ϫ CD8 T cells and was highest in CD127
Ϫ perforin ϩ CD8 T cells, consistent with the fact that this T-cell population contains mostly the terminally differentiated CD45RA ϩ CCR7 Ϫ T cells. Moreover, the lack of coexpression of perforin and CD127 suggested a divergence between cytotoxic activity and proliferation capacity. Consistent with this model, we observed a negative correlation between CD127 expression and cytotoxic activity. Furthermore, we also report here a divergence between perforin expression and IL-2 secretion in virus-specific CD8 T cells. This observation further strengthens the divergent model between cytotoxic activity and proliferation capacity since the presence of IL-2-secreting CD8 T cells and also CD4 T cells was consistently associated with Ag-specific proliferation capacity (8, 31, 32, 35, 61, 68) .
Of note, we previously showed that Ag exposure influenced the profiles of cytotoxic granules, including perforin and GrmB, GrmA, and GrmK; that perforin expression was induced in vitro after stimulation; and that these changes were associated with the acquisition of direct cytotoxic activity (29) . Along the same line, we show here that Ag exposure induced a downregulation of CD127 on virus-specific CD8 T cells, which is consistent with previous studies (16, 48, 54, 63) . Thus, the likely scenario suggested by these data is that after stimulation, T cells endowed with proliferation capacity (i.e., CD127 ϩ /IL-2 secreting, as found in Flu-, EBV-, and CMVspecific T cells) will expand, downregulate CD127, reduce IL-2 secretion, upregulate perforin, and acquire cytotoxic activity, whereas HIV-1-specific T cells from progressors (i.e., mostly CD127 Ϫ cells) do not expand and consequently do not acquire cytotoxic activity. Interestingly, in nonprogressive HIV-1 infection, virus-specific CD8 T cells expressed significant amount of CD127 (in the range observed in CMV and EBV infection), expanded, upregulated perforin and GrmB, and acquired cytotoxic activity upon stimulation (data not shown), findings consistent with the original observations from Connors and coworkers (46, 47) .
Furthermore, the composition of proliferating and cytotoxic CD8 T cells for a given antiviral CD8 T-cell population appeared to be influenced by antigen exposure (or recent activation). This model does not apply to HIV-1 chronic and progressive infection, where the high levels of antigen load and the persistence of the chronic stimulation cause severe T-cell dysfunction (23, 51, 62) . The results in the present study should be taken into account for a correct monitoring and evaluation of the cytotoxic capacity of CD8 T cells induced by candidate vaccines. Based on our results, the levels of cytotoxic granules expression and the lack of detection of cytotoxic function are not necessarily the result of an underlying defect but rather reflect Ag exposure following natural virus infection, virus reactivation in chronic infections, and the associated activation/ differentiation stages of memory CD8 T cells.
In conclusion, the data reported here demonstrate that proliferation and cytotoxic activities are mediated by different phenotypically defined virus-specific CD8 T-cell populations. These phenotypically distinct T-cell populations are associated with different degrees of senescence and exhaustion, and the balance between proliferating and cytotoxic populations of virus-specific CD8 T cells appears to be influenced by Ag exposure. Overall, these results are instrumental for optimizing the monitoring of antiviral CD8 T-cell responses induced by natural infections and/or vaccination regimens. 
